Summary
Introduction
Two of the many threats to medicinal plant species are the loss of local knowledge about their use and the loss of species from the wild due to over-harvesting. The sum of human knowledge about the types, distribution, ecology and management of medicinal plants, and methods for extracting the active components shows rapid decline (Hamilton 2004) . This loss of local knowledge has been ongoing for hundreds of years. In recent decades, many ethnobotanical and ethnopharmaceutical studies have been undertaken to document and describe traditional herbal products and to validate their use (Light *Correspondence author. E-mail: claire.delvaux@ugent.be et al. 2005) . During that period, however, many plants have become threatened due to a lack of local control on harvesting levels. The global demand for herbal medicine is large, and steadily growing (Srivastava 2000; Light et al . 2005) , which has caused some valued indigenous plant species to become threatened or, in some cases, to go extinct (Williams, Balkwill & Witkowski 2000; Shingu 2005) . Medicinal plants can have other uses (e.g. timber, firewood, fodder, etc.), and the threat of over-harvesting may be due, at least partly, to gathering for other purposes (Hamilton 2004) .
There is an urgent need to develop appropriate conservation strategies to promote sustainable use of medicinal plant through improved harvesting techniques, cultivation and monitoring (Cunningham 1991; Schippmann, Leaman & Cunningham 2002; Botha, Witkowski & Shackleton 2004; Light et al. 2005; Belcher, Ruiz-Pérez & Achdiawan 2005; Geldenhuys 2007 ).
The sustainable management of medicinal tree species is far from simple. First, the exploitation of these species has a variable effect on the plants themselves, depending on the parts harvested. For example, harvesting flowers and fruits has a significant impact on regeneration and on the population viability (Hall & Bawa 1993; Peters 1994; Witkowski & Lamont 1994; Endress, Gorchov & Noble 2004; Gaoue & Ticktin 2008) . However, harvesting bark or roots is more damaging in terms of tree survival (Cunningham 1991; Peters 1994; Witkowski & Lamont 1994; Davenport & Ndangalasi 2002; Geldenhuys 2004; Vermeulen 2006) . Secondly, most medicinal plants are harvested for more than one reason (Shackleton et al . 2002) . As suggested for non-timber forest products (Ticktin 2005) , the sustainable management of medicinal trees requires knowledge of how different species respond to different harvesting techniques. In general, the production rate of the resource will determine how much of it can be used sustainably (Geldenhuys 2004) .
This study examined the impact of bark harvesting on trees in order to promote sustainable management of medicinal trees. The term bark is generally considered to include all tissues outside the vascular cambium, regardless of their composition (Junikka 1994) . The complexity of the bark tissues derives from the presence of a mixture of dead and live tissues. The rhytidome is the dead outer part of the bark that serves as a physical barrier and protects the tree against attack by herbivores, insects, fire, and fungi. The live tissue called phloem constitutes the inner bark, which is also called noncollapsed secondary phloem because it is the part of the secondary phloem that contains open and non-collapsed sieve elements (Trockenbrodt 1990 ). Elaborated sap is transported from leaves to roots through these non-collapsed sieve elements. A simple wound in the bark can easily disrupt the physiological functioning of a tree; continuous development of new vascular tissues (Aloni 1987) allows the regeneration of the wounded part of the tree.
Bark from numerous species has long been used by humans for the treatment of diseases, such as fungal skin infections ( Milicia excelsa ), fever ( Alstonia constricta ), malaria ( Cinchona officinalis ) and benign prostatic hyperplasia ( Prunus africana ).
Sustainable bark harvesting techniques vary among species, depending on the ability of individual trees to survive harvesting and recover from the inflicted wound. Throughout Africa, only a few studies have assessed the ability of trees to regenerate bark following harvesting. In Cameroon, Cunningham & Mbenkum (1993) showed that P. africana achieves complete bark re-growth of the bark after ringbarking. Similar studies in Nigeria (Fasola & Egunyomi 2005) indicate that Alstonia boonei , Entandophragma angolense , Khaya grandifolia , Khaya senegalensis and Spondias mombin belong to the fast re-growth group, whereas the bark of Adansonia digitata , Gliricidia sepium , Newbouldia laevis and Theobroma cacao have relatively slow re-growth. In South Africa, P. africana , Ocotea bullata and Warburgia salutaris show good re-growth; in contrast, the bark of Rapanea melanophloeos shows no re-growth Vermeulen 2006) . These results show clearly that the ability to regenerate bark after harvesting is species-specific.
In Benin, a nationwide ethnobotanical survey (Adjanohoun et al . 1989) showed that bark represents 10·5% of medicinal plant products, and that 31·5% of tree species occurring in the country are used for their bark. The present study was done in Benin and assessed the impact of bark harvesting on 12 tree species used by local communities living around the Forêt Classée des Monts Kouffé, central Benin. We hypothesized that these 12 medicinal tree species (Table 1 ) might differ in their ability to recover from wounding. More specifically, the objectives of the study were: (i) to compare the regenerative ability (edge and sheet re-growth) for the 12 species; (ii) to assess the impact of bark harvesting on vegetative growth (shoot development around the wound) and insect attack; and (iii) to develop a species-specific method for sustainable management of bark harvesting.
Materials and methods

S T U D Y A R E A
The study was conducted in the Forêt Classée des Monts Kouffé (8 ° 30 ′ -8 ° 52 ′ N, 1 ° 40 ′ -2 ° 27 ′ E) in central Benin, West Africa (Fig. 1) . This area covers 180 300 ha within the Sudano-Guinean phytogeographic region. The average monthly temperature is 21-33·2 ° C and the average annual precipitation is 1190·7 mm. The study was carried out in woodland.
S T U D Y S P E C I E S
As a first step, a large number of medicinal tree species were selected in order to be able to compare a sufficient diversity of response to bark harvesting. Interviews were held with traditional healers and local populations in order to learn their preference for tree species used for health care (Bockx 2004) , and 12 of the most frequently used species of trees were chosen for the study (Table 1) .
S A M P L I N G D E S I G N A N D H A R V E S T I N G T R E A T M E N T
Sites with sufficient numbers of the chosen species were selected, and all were situated within the forest and away from agricultural activity. Only healthy trees (no previous bark harvest) were selected. Bark was harvested from a total of 925 trees from 38 sites in the dry season (February and March) and in the rainy season (September and October) in 2004. The number of individual trees per species is given in Table 1 . The reasons for differences in the number of trees per species were: (i) difficulty in finding trees with an appropriate diameter according to the species morphology. In the wild, it is rare to find examples of B. africana , D. microcarpum or M. polyandra with a diameter at breast height (d.b.h.) > 30 cm. (ii) Some species ( A. africana , K. senegalensis , P. kotschyi , and P. erinaceus ) had been heavily harvested for timber, and thus, trees with d.b.h. higher > 30 cm were scarce in the study area. (iii) Some species naturally have a sparse distribution (e.g. L. kerstingii , and P. biglobosa ) and finding a sufficient number of these species would have required excessive travelling and time.
Bark was collected from all species according to the same protocol. Wounds were usually made at 1-m stem height. The wound consisted of a rectangular piece of bark 60 cm vertically, and the lateral extent of the wound varied between 5 cm and 61·8 cm, depending on the diameter of the tree, affecting from 20 to 100% (girdling or ringbarking) of its circumference. Two treatments were used on each tree in order to compare different bark harvesting techniques and their impact on the ability of a tree species to recover from the wound. In one treatment, the bark was harvested only thinly in the upper 30 cm half of the wound to determine if incomplete debarking favours wound closure. Bark was peeled from the trunk in such a way that a thin layer of inner bark and the cambium were not removed. The amount of bark left on the trunk was much the same for all trees thus treated, and the surface area harvested was 20-50% of the total wound area. To guarantee uniform treatment, all samples were collected by the same three people. In the second treatment, no bark or cambium was left on the lower 30 cm of the wound so that the wood was completely exposed to air. This is the method used by commercial bark harvesters. For total bark removal, the wound was inflicted with a cutlass machete cutting the bark down to the cambium level and then removing it from the trunk by tapping with a hammer.
M E A S U R E M E N T S
Two years after bark harvesting, five measurements were taken for each wound. Individual tree response was then classified according to the score levels given in Table 2 . 1. Sheet growth, that is, live tissue re-growth on the surface of the wound. (i) On the lower 30 cm of the bark treatment, tracing paper was used to copy the surface area of sheet growth on the wound.
(ii) On the upper 30 cm of the wound, the sheet growth percentage was estimated visually as pieces of bark remaining prevented the use of tracing paper. The results were expressed as a percentage of re-growth area. 2. Edge growth, that is, the surface of live tissue developing from the edge of the wound. This measurement was made only on the lower 30 cm of the wound; three horizontal measurements were made from fixed points on both sides (left and right) of the wound to obtain the mean edge growth value. The results were expressed as a percentage of re-growth area. 3. Insect holes in the lower 30 cm of the wound were counted. 4. The number of agony shoots around the wound was counted. An agony shoot was defined by Geldenhuys, Rau & Du Toit (2002) as a vegetative shoot developing around a wound in response to wounding. Table 2 . Description of repartition into four score levels of four variables describing resistance and response of trees after bark harvesting: edge growth and sheet growth (percentage of recovered area), resistance to insect attack (number of holes/tree) and production of agony shoots To compare sheet growth and edge growth between species, individual scores were calculated according to the levels given in Table 2 . Ordinal score levels were compared between species by a proportional-odds logit model using the polr procedure in r environment ( r Development Core Team 2005) . A generalized linear model (GLM) with a quasi-Poisson error distribution was used to determine the effects of species and re-growth ability on the number of insect holes. The surface of the non-regenerated area was used as a proxy of the tree regeneration rate, and was calculated as the sum of the sheet and edge re-growth surfaces. The effects of regeneration rate and species were added sequentially for adjusting species effects for different regeneration rates. Also, a GLM with a quasi-Poisson error distribution was used to determine the effect of species on the number of agony shoots.
Results
S H E E T G R O W T H
Comparison of sheet growth after complete bark removal clearly showed the re-growth to be poor to non-existent for all of the 12 species (Fig. 2) . M. polyandra and P. erinaceus had slightly better sheet growth compared to the other 10 species (proportional-odds logit model on score levels, P < 0·05) but both species had a high intra-specific variability (Fig. 2) . M. polyandra had the best sheet growth: 58·2% of trees showed a re-growth process but the surface of the re-growth area varied from 1·3 to 98·7%. There was no sheet growth for B. africana , M. indica or P. kotschyi , and ~90% of the specimens of the other seven species had no sheet growth. Complete wound closure by sheet growth was not observed after complete bark removal.
In contrast, sheet growth after partial bark harvesting was more successful in completing wound closure (Fig. 2) . In K. senegalensis and L. kerstingii , 74·1% and 55·3% of trees were able to close the wound completely, whereas only 14·8% and 31·6% of these trees, respectively, had no sheet growth. On the other hand, more than 55% of individuals of seven species showed no sheet growth. Among these species, L. lanceolata , P. biglobosa , P. kotschyi and U. togoensis had a high intraspecific variability (Fig. 2) , and some trees had a sheet growth of > 75% of the wound area. Good sheet growth after partial bark harvesting was observed also in P. erinaceus , although few trees had achieved complete wound closure after 2 years.
There was significantly more sheet growth after partial bark removal than there was after total bark harvesting for all 12 species (proportional-odds logit model on score levels, P < 0·005; Fig. 2) . K. senegalensis , L. kerstingii , P. erinaceus, and M. indica had the best recovery rates, with a mean sheet growth of 83·3%, 65·5%, 49·3%, and 39·2% of the wound area, respectively, after a partial harvesting vs. a mean sheet growth of 1·9%, 1·2%, 7·7%, and 0%, respectively, after total bark harvesting. It is interesting to note that B. africana, P. kotschyi and M. indica, which had no sheet growth after total bark harvesting, had significant sheet growth after partial bark removal, although it was poor for B. africana and P. kotschyi (3·14% and 11·12% of total wound area, respectively).
E D G E G R O W T H
Edge growth was variable among species (Fig. 3) . K. senegalensis and L. kertingii presented a significantly opposed reaction compared with M. polyandra, A. africana and B. africana. Indeed, K. senegalensis and L. kerstingii had the highest mean edge recovery rate of 88·8% and 80·4%, respectively. After 2 years, only these two species closed their wounds completely through edge growth: 48·9% of all K. senegalensis and 35·3% of all L. kerstingii trees showed full recovery (Fig. 3) . M. polyandra, A. africana and B. africana had the poorest edge growth, and > 60% of these species had no edge growth. P. erinaceus, P. kotschyi, P. biglobosa and M. indica had a mean edge recovery rate of 23·1-40·1% and high intra-specific variability (Fig. 3) .
I N T E N S I T Y O F I N S E C T A T T A C K S
The number of insect holes was clearly species-dependent (Fig. 4) . D. microcarpum and P. biglobosa showed the least resistance to insect attack, while several other species, such as K. senegalensis, P. erinaceus, M. polyandra, and U. togoensis, were highly resistant. There was a significant positive effect of the surface of non-regenerated area on the frequency of insect attacks (P < 0·001), illustrating that fast recovery prevents large-scale insect damage. The effect of species adjusted for different regeneration rates was highly significant (P < 0·001), but there was no significant interaction between regeneration rate and species (P = 0·100), illustrating that the relationship between regeneration rate and the number of insect holes was not species-specific. It is interesting to note that both K. senegalensis and L. kerstingii had very good edge growth, reducing their wound area considerably, but their susceptibility to insect attack was quite different: K. senegalensis was resistant but L. kerstingii was highly susceptible to insect attack. The damage inflicted by insects may weaken the stability of trees, and eventually trees may crack. Over a period of 2 years, 17·3% of all L. kerstingii and 6·8% of all P. biglobosa were broken following insect attacks, while no D. microcarpum, B. africana or A. africana trees died from insect attack.
R E S P O N S E T O B A R K H A R V E S T I N G I N T E R M S O F V E G E T A T I V E G R O W T H
The development of agony shoots around the wound in response to bark harvesting was largely dependent on species (P < 0·001). In this study, only a few trees developed agony Fig. 2 . Frequency histograms summarizing the sheet growth of 12 medicinal tree species during 2 years following bark harvesting. Grey boxes are for re-growth observed after partial bark harvesting, white boxes are for re-growth after total bark harvesting (both techniques were used on each tree). Identical small letters indicate species with no significant difference in sheet growth at the P ≤ 0·05 confidence level (proportionalodds logit model on score levels, see Table 2 ). shoots (Fig. 5) . M. polyandra presented a slightly greater ability to develop agony shoots than the other species, except for A. africana. For the other nine species, only 1-13·6% of trees had developed agony shoots by the end of the observation period. No agony shoot was observed around the wound area of L. lanceolata. When a tree did develop agony shoots, there were usually only one or two, although P. biglobosa and U. togoensis produced a mean of 2·5 shoots per tree.
We noticed that U. togoensis produced roots around the wound area but we did not investigate this phenomenon further.
Discussion
The results of this study confirmed the hypothesis that tree response to bark harvesting is species-specific. However, over a period of 2 years after total bark harvesting, complete bark re-growth was rarely achieved, except for some K. senegalensis and L. kerstingii trees.
Despite some variability among the species tested, it was clear that a harvesting technique based on total bark removal did not favour sheet growth. These findings are consistent with Fig. 3 . Frequency histograms summarizing the edge growth of 12 medicinal tree species during 2 years following total bark harvesting. Identical small letters indicate species with no significant difference in edge growth at the P ≤ 0·05 confidence level (proportional-odds logit model on score levels, see Table 2 ). the results of other studies of different tree species in southern Africa. According to W.J. Vermeulen & C.J. Geldenhuys (unpublished data), only Ilex mitis and P. africana had good to poor sheet growth (11-60% of re-growth); sheet growth was poor to absent for the four other species studied. Geldenhuys et al. (2007) found that, among 22 species harvested, five had good to very good sheet growth, five had poor sheet growth, and the 12 remaining species showed no sheet growth. Guedje (2002) observed that bark wounding in Garcinia lucida was not followed by any sheet growth. Similarly, Mariot, Mantovani & dos Reis (2007) studied bark harvesting from Drimys brasiliensis in southern Brazil and reported sheet growth to be almost non-existent.
Several experiments showed that the most important factor for successful recovery is the humidity of the exposed surface immediately after the wounding (Zimmermann & Brown 1971; Zhengli et al. 1982; Neely 1988; McDougall & Blanchette 1996; Stobbe et al. 2002; N'Koma Mwange, Hou & Cui 2003; Juan et al. 2006) . For this reason, those researchers covered the experimental wounds with plastic sheets to obtain significant re-growth. However, applying this technique in the wild is difficult. Consequently, we chose to harvest bark only partially, leaving a thin layer of bark and the cambium on the trunk. Our results demonstrate the protective effect of the remaining bark layer for promoting sheet growth. Compared to total bark removal, this technique increased the percentage of sheet growth significantly for each species studied (Fig. 2) . However, a large variability in recovery was found among species: only four species, K. senegalensis, L. kerstingii, P. erinaceus, and M. indica, out of 12 showed a good recovery rate (> 40%). W.J. Vermeulen & C.J. Geldenhuys (unpublished data) also studied the effect of leaving a thin layer of bark and the cambium in three species, and all of them showed a wound recovery rate of 50-80% of the wound surface, whereas none or poor recovery occurred when the bark and the cambium were removed completely.
Several studies have reported bark regeneration starting from the edge of the wound (e.g. W.J. Vermeulen & C.J. Geldenhuys, unpublished data). Full recovery has been reported for Betula alleghaniensis (Shigo 1986) , P. africana, Warburgia salutaris and Ficus natalensis (Cunningham & Mbenkum 1993) , G. lucida (Guedje 2002) and Ocotea bullata, I. mitis and P. africana (W.J. Vermeulen & C.J. Geldenhuys, unpublished data). In this study, however, only K. senegalensis and L. kerstingii were able to close the wound completely over the 2-year follow-up period. Our results for K. senegalensis did not corroborate the findings reported by Gaoue & Ticktin (2007) , who noticed that, in most cases, less than half the wound area was recovered in this species. Our study found that K. senegalensis had an average recovery rate of 88·8% of the wound.
In the 12 species studied, we found a negative relationship between the number of insect holes and recovery rate. In this respect, our observations agree with those of Geldenhuys et al. (2007) who found that the level of infestation was greater in species that showed none or slow wound recovery. Our study showed susceptibility to insect attack depends on species, independent of regeneration rate. Amongst the 12 species in our study, D. microcarpum, P. biglobosa, L. kerstingii, B. africana and A. africana were susceptible to insect attack. One of the most severe effects of wood-boring insects is the failure of the tree at wound level due to large galleries dug deep inside the wood, which was observed for 17·3% of the L. kerstingii individuals and, to a lesser extent, for P. biglobosa, but only 6·8% of individual stems of that species broke. The impact of insects on D. microcarpum, B. africana and A. africana was limited to the presence of numerous small holes on the wound surface. The insect holes also facilitated the entry of fungi, which further weakens the wood. Sealant can be applied to the affected area with the aim of limiting the impact of fungi (Botha et al. 2004) .
Besides bark recovery, some of the harvested trees produced new roots and/or shoots (Guedje 2002) . If the main trunk dies, the production of new shoots becomes an important survival mechanism. We observed this phenomenon for two B. africana trees: the main trunk died but agony shoots, developed beneath the wound, were alive and full of leaves. Burke (2006) observed the strong ability of B. africana to produce coppice shoots. Geldenhuys et al. (2007) suggested that the ability of a species to develop agony shoots around the wound after bark harvesting is related to the ability of that species to produce coppice shoots. Of the species in this study, only D. microcarpum has been studied for its ability to coppice (Sawadogo, Nygard & Pallo 2002; Ky-Dembele et al. 2007) or to re-sprout (Rietkerk, Blijdorp & Slingerland 1998; Sawadogo et al. 2002) . In this study, only one out of 82 D. microcarpum trees developed agony shoots. M. polyandra showed the greatest ability to develop agony shoots, and it would be useful to test its coppicing ability. Luoga, Witkowski & Balkwill (2004) studied the re-sprouting response of 44 species of East African miombo (African savanna) trees and reported the different factors influencing coppicing effectiveness, including the presence or absence of large herbivores and/or fire, season of cutting, site characteristics and speciesspecific characteristics. Coppices are a potential source of medicinal bark that could be optimized through active coppice management (Vermeulen 2006) . Better knowledge of the complex coppicing response of individual tree species would help in the design of specific strategies for sustainable management of woodland containing medicinal tree species (Abbot & Homewood 1999; Bond & Rathogwa 2000; Geldenhuys 2004; Kaschula, Twine & Scholes 2005; Neke, Owen-Smith & Witkowski 2006; Ky-Dembele et al. 2007) .
Our study has several implications for tree management. Harvesting bark requires species-specific techniques to make it sustainable. Sustainable harvesting must take into account the following species-specific factors: (i) the regeneration capacity (edge and/or sheet growth), which may allow for a second harvest; (ii) the susceptibility to insect attack, which may require additional protection measures; (iii) the capacity to develop agony shoots, which may enable the tree to produce coppice shoots. Depending on these factors, two broad management strategies exist: (i) management of tree species in existing natural forests; and (ii) development of alternative resources of medicinal plants outside the forest. Harvesting trees in the wild may include strip harvesting and full-tree harvesting (harvesting of all utilizable bark from the trunk and branches of fallen trees). The latter is bark harvesting as a by-product of timber harvesting and coppice management (Vermeulen 2006) . Harvesting trees from an alternative resource includes: establishing stands of the target species in open areas (clearing) and/or forest expansion at the forest edge (Geldenhuys & Delvaux 2002) , and harvesting leaves instead of bark. It has been suggested that leaves could be used instead of bark for medicinal purposes, and studies are underway in South Africa to compare the chemical composition of bark and leaves from the same tree (Zschocke et al. 2000a,b; Drewes et al. 2001) . These methods of increasing bark availability would avoid over-exploitation of tree species in natural forests.
Following the methodology developed by Vermeulen (2006) , our results provide the elements necessary to define a strategy that can help forest managers to select the most appropriate bark-harvesting system for different medicinal tree species. The first step involves categorizing species according to their ability to close the wound after bark has been removed, resistance to insect attack, and the ability to develop agony shoots (Table 2 and Fig. 6 ). The second step is to choose the appropriate harvest option depending on whether trees recover after bark harvesting: (i) strip harvesting for species with very good re-growth (level 4); or (ii) full-tree harvesting for species with none or little wound closure after bark harvesting (levels 1, 2, and 3). The third step is to determine how to manage the full-tree harvesting technique according to species characteristics (e.g. through collaboration with a timber company, or via coppice management) and to determine the appropriate alternative solutions (stand establishment, harvesting leaves instead of bark, etc.). Figure 7 gives an overview of the management techniques appropriate, on the basis of our findings, for the 12 species assessed in this study. Bark can be sustainably harvested from K. senegalensis and L. kerstingii. As the partial bark removal technique allowed a better sheet growth, it could be useful for both species to cover the wound with plastic immediately after harvesting, but L. kerstingii must be protected from insect attack. The other 10 species did not exhibit a level of bark regeneration that would allow for a sustainable harvest. We therefore suggest full-tree harvesting for these species. This can be done in different ways, depending on the species. Harvesters looking for bark of A. africana, K. senegalensis, P. kotschyi and P. erinaceus may approach logging companies that are used to felling large numbers of these species. Bark can be removed without detriment to the wood quality when the tree is cut for timber. B. africana, D. microcarpum and M. polyandra may be cut at 1 m above-ground in order to favor coppice shoot development. M. indica and P. biglobosa should be planted on the forest edge, because they are light-tolerant Identical small letters indicate species with no significant difference in edge growth at the P ≤ 0·05 confidence level. See Fig. 4 for abbreviations. Fig. 6 . The response scores of the 12 medicinal tree species 2 years after bark harvesting. See Table 2 for further explanation of the variable responses and score levels.
Fig. 7.
The proposed management strategy for the 12 tree species in this study. The schema illustrates the successive steps needed to provide a decision strategy with the aim of selecting the most appropriate harvesting system for each species. See Table 2 for description of levels 1-4.
species and they will be protected by local human populations who appreciate their fruits. For L. lanceolata, leaves could be harvested instead of bark. The chemical composition of the leaves and bark of L. lanceolata have been analysed (Pegnyemb et al. 1998 ) but further research is needed to determine the similarity. Thus, L. lanceolata could be managed as a kind of tea plantation, allowing faster, easier and more frequent harvesting. The results of this study suggest that U. togoensis could be used for coppice management. Very little information is available for U. togoensis, and it will be interesting to determine the concentration of the active component for medicinal use in the leaves and bark of this species.
